Quetiapine is an atypical neuroleptic with a pharmacological profile distinct from classic neuroleptics that function primarily via blockade of dopamine D 2 receptors. In the United States, quetiapine is currently approved for treating patients with schizophrenia, major depression and bipolar I disorder. Despite its widespread use, its cellular effects remain elusive. To address possible mechanisms, we chronically treated mice with quetiapine, haloperidol or vehicle and examined quetiapinespecific gene expression change in the frontal cortex. Through microarray analysis, we observed that several groups of genes were differentially expressed upon exposure to quetiapine compared with haloperidol or vehicle; among them, Cdkn1a, the gene encoding p21, exhibited the greatest fold change relative to haloperidol. The quetiapine-induced downregulation of p21/Cdkn1a was confirmed by real-time polymerase chain reaction and in situ hybridization. Consistent with single gene-level analyses, functional group analyses also indicated that gene sets associated with cell cycle/fate were differentially regulated in the quetiapine-treated group. In cortical cell cultures treated with quetiapine, p21/Cdkn1a was significantly downregulated in oligodendrocyte precursor cells and neurons, but not in astrocytes. We propose that cell cycle-associated intervention by quetiapine in the frontal cortex may underlie a unique efficacy of quetiapine compared with typical neuroleptics.
Introduction
Understanding the molecular mechanisms that underlie the pathophysiology of major mental illnesses, such as schizophrenia and depression, is very important. It is possible to address some of the remaining fundamental questions by investigating novel actions of compounds currently in clinical use. A recent example is the report of a novel action of the neuroleptics clozapine and risperidone, via a heteromeric complex of 5-HT 2A and mGluR2 receptors. 1, 2 Neuroleptics have been in clinical use for schizophrenia since the 1950s. 3 The hallmark of these first-generation drugs, including haloperidol and chlorpromazine, is antagonism of the dopamine D 2 receptor. [4] [5] [6] Since the late 1980s, the so-called atypical neuroleptics, such as clozapine, have been introduced. Compared with the first-generation drugs, the atypical neuroleptics show somewhat better efficacy for the negative symptoms and cognitive dysfunction associated with schizophrenia. 7, 8 Furthermore, these drugs are also clinically effective in patients with mood disorders. For example, quetiapine has been approved by the US Food and Drug Administration for the treatment of bipolar depression and is frequently prescribed off-label for depression, anxiety, sleep disturbance and obsessive-compulsive disorder. [9] [10] [11] [12] [13] Therefore, in addition to D 2 antagonism, this newer class of drug appears to have additional modes of action. Among the atypical neuroleptics that share a high affinity for serotonin (5-HT 2A ) but a relatively low affinity for dopamine (D 2 ) receptors, quetiapine has a further unique profile with a high affinity for histamine (H 1 ) and a1-adrenergic receptors. 14, 15 It is not well understood how the interplay of quetiapine's various receptor-binding activities affects molecular pathways and translates to clinical efficacy. Hence, it seems necessary to look beyond the effects of the individual receptors within quetiapine's known receptor-binding profile to understand its overall therapeutic mechanism.
On the basis of its unique characteristics, we hypothesized that quetiapine would have novel pharmacological actions and operate via different pathways compared with the typical neuroleptics, potentially shedding light on new pathways involved in schizophrenia or mood disorders. To address this question, we compared the effects of chronic quetiapine treatment and haloperidol treatment on gene expression in mice. Haloperidol was selected as a representative typical neuroleptic that shows predominantly D 2 antagonism. 16 Although some genes are affected by both drugs, a substantially larger number of genes are selectively changed by quetiapine at doses in which both compounds show similar efficacy against a representative preclinical marker for positive symptoms of schizophrenia. Here we highlight genes involved in cell cycle regulation that are modified by quetiapine, but not by haloperidol.
Materials and methods
Chronic administration of neuroleptics. Quetiapine fumarate was provided by AstraZeneca (Cheshire, UK) as a gift for an academic study. Haloperidol was purchased from Sigma (St Louis, MO, USA , subcutaneously) or saline, locomotor activity was measured for 30 min using SUPERMEX (Muromachi Kikai, Tokyo, Japan). Data were analyzed using CompAct AMS ver. 3.51 (Muromachi Kikai). Statistical analysis was conducted with one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison with METH þ vehicle as control.
Microarray. Total RNA from the frontal cortex and striatum was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. An on-column DNAse digestion step was included to remove genomic DNA contamination. For each dosage group, six samples with the best quality RNA were selected to generate two pooled microarray hybridization reactions (chips), each comprised of three total RNA samples. Total RNA of 800 ng from each sample was combined to synthesize a microarray hybridization reaction with a one-cycle Amplification Kit (Affymetrix, Santa Clara, CA, USA), using poly-dT as an initial primer, to enrich the 3 0 end of transcripts. After the amplification, the double-stranded complementary DNA (cDNA) was transcribed and labeled with biotin-conjugated dUTP for microarray hybridization. The hybridization cocktail was fragmented by treatment at 65 1C for 30 min, and then hybridized onto the Affymetrix GeneChip MG430. Hybridization, washing and scanning were conducted according to the manufacturer's instructions. All microarray procedures were carried out at the Microarray Core Facility of Johns Hopkins University.
Microarray data analysis. Data analysis was performed using the Partek Genomics Suite software (version 6.5, Partek Inc., St Louis, MO, USA). Raw intensities were normalized using GC robust multiarray average. 18 Principal components analysis was performed using a correlation matrix. ANOVA models with treatment, region (frontal cortex or striatum), dose and group as factors were generated to determine transcripts that were significantly regulated. Of the 45 101 transcripts, those with no RefSeq identifier and/or no gene symbol were removed, leaving 35 892 transcripts. Gene set enrichment analysis was performed on the frontal cortex data using the Partek software according to the method of Subramanian and co-workers. 19 The microarray data from both doses were combined for each drug to increase statistical power for the gene set enrichment analysis. The raw microarray data have been deposited in the Gene Expression Omnibus archive at the National Center for Biotechnology Information (Bethesda, MD, USA) (accession GSE45229).
Quantitative Real-Time PCR. qRT-PCR was performed at the Genetic Resources Core Facility of Johns Hopkins University. cDNA was synthesized from 1 mg of total RNA using SuperScript III First-Strand Synthesis System with oligodT priming (Invitrogen, Grand Island, NY, USA). The qRT-PCR reaction contained 500-fold diluted cDNA from the synthesis reaction, 1 Â SYBR GreenER reagent (Invitrogen) and 200 nM specific forward and reverse primers in a 10 ml reaction volume. Gapdh expression levels were used to normalize the expression data. Primer sequences were as follows: (mouse primers) Cdkn1a (NM_007669)-forward, 5
0 . Primers were designed using PrimerExpress 2.0 (Applied Biosystems, Carlsbad, CA, USA). The real-time PCR reaction and measurement was carried out with Applied Biosystems PRISM7900. The PCR reaction condition was as follows: 50 1C for 2 min, 95 1C for 10 min, followed by 40 cycles of 95 1C for 15 s and 60 1C for 1 min. A dissociation curve step was added at the end to verify the presence of a single amplicon in the reaction.
In situ hybridization and immunohistochemistry. Mouse brains were perfused with 4% paraformaldehyde, embedded in Tissue-Tek Optimum Cutting Temperature Compound (Sakura Finetek, Torrance, CA, USA) and stored at À 80 1C. Coronal sections (20 mm thick) were cut using a cryostat, and then mounted on poly-L-lysine-coated slides that were paired so that adjacent sections could be used for immunohistochemistry and in situ hybridization. Sections used for immunohistochemistry were permeablized and blocked in a solution of 0.2% Triton X-100 in phosphate-buffered saline, 10% donkey serum and 1% bovine serum albumin for 1 h; incubated overnight at 4 1C with 1:750 dilution of anti-NeuN, clone A60 (Millipore, Billerica, MA, USA); incubated 1 h with 1:400 dilution secondary donkey anti-mouse Alexa 568; and incubated with 1:10 000 dilution 4 0 ,6-diamidino-2-phenylindole for 5 min. The protocol for situ hybridization was as published with minor modifications. 20 Digoxigenin-labeled cRNA probes were used on the perfused mouse coronal sections described above. Probes (300 ng) were used at 37 1C and anti-digoxigenin alkaline phosphatase Fab fragments (Roche, Indianapolis, IN, USA) were applied to sections at a dilution of 1:1000.
Sense probe sequence for Cdkn1a was as follows:
The antisense probe was the reverse complement of the above. The probe was designed to cross an intron/exon boundary. Cdkn1a mRNA was quantified by normalizing the signal in the vehicle and quetiapine-treated antisense samples (n ¼ 3 each) to the sense slide.
Cell culture. Rat cortical neuron, astrocyte and oligodendrocyte precursor cells (OPCs) were prepared as described previously. [21] [22] [23] Briefly, Sprague-Dawley rat brains at embryonic day 18.5 (E18.5) were used for primary neurons. Cells were seeded onto poly-D-lysine-coated plates in a Neurobasal medium supplemented with glutamate and B27. For cortical primary astrocyte and OPC, the frontal cortex was isolated at postnatal day 3. OPCs overlaying astrocytes were separated by mechanical agitation after 10-14 days of culture and transferred to poly-D-lysine plates. Neurons, primary astrocytes and OPCs were challenged for 48 h with 10 mM quetiapine dissolved in 0.1% dimethyl sulfoxide or 0.1% dimethyl sulfoxide only (vehicle), and then harvested for RNA extraction and subsequent qRT-PCR.
Statistical analysis for qRT-PCR and in situ hybridization. Where multiple groups were involved, statistical analysis was conducted using one-way ANOVA and post hoc Dunnett's multiple comparison with the control group. An unpaired t-test was used to compare two groups. Results were considered significant at a ¼ 0.05.
Results
In humans, therapeutic quetiapine doses range from 150 to 750 mg kg À 1 per day. 14, 24 The corresponding dose for use in rodents is not clear, partly due to different drug metabolism among species. Therefore, we selected experimental doses of quetiapine and haloperidol based on their preventive effects on METH-induced hyperlocomotor activity in mice, a representative preclinical marker for positive symptoms of schizophrenia.
Haloperidol significantly decreased locomotor activity in a dosedependent manner at the 0.5 and 8 h time points following METH administration; however, its effect was diminished by the 12 h time point (Supplementary Figure 1A) . Quetiapine elicited a statistically significant, dose-dependent decrease in METH-induced hyperlocomotion 0.5 h after administration at doses of 10, 30 and 100 mg kg À 1 (Supplementary Figure 1B) . There were quetiapine-induced, dose-dependent decreases in locomotor activity at 8 and 12 h, with a statistically significant decrease for the highest dose at 8 h. On the basis of the response to this representative preclinical marker, we selected 1 mg kg À 1 haloperidol and 100 mg kg À 1 quetiapine as the mini mum doses most likely to be continuously effective under conditions of two times daily injections (every 12 h) over a 28-day period. Groups with chronic administration at a lower dose of haloperidol (0.3 mg kg There was a significant, sixfold decrease in the expression of Cdkn1a (p21) in the frontal cortex of quetiapine-treated mice compared with haloperidol-treated mice. Unique pharmacological action of quetiapine MA Kondo et al RNA transcript levels from the brains of animals chronically administered with drug or vehicle were measured and analyzed using principal components analysis. This technique is useful to visualize the relationships among the samples from different brain regions, treatments and doses. There were no clear differences between samples across all RNA transcript values based on drug or dose ( Figure 1a) . As the drugs and doses selected were expected to have discrete but not pervasive effects on transcription, these results indicate appropriate data normalization. The robustness of data normalization is also evident in the volcano plot (Supplementary Figure 2) . In contrast, there was a robust separation of samples across principal component axis 1 based on gene expression values from region (frontal cortex versus striatum), suggesting the importance of region-specific molecular profiling for further understanding drug effects on the brain (Figure 1b) .
As region-specific analysis appeared crucial in this study, we addressed RNA transcript changes specifically in the frontal cortex. The rationale for focusing on this brain region was to explore a novel mechanism of quetiapine; while the classic action of neuroleptics is believed to be mediated mainly by striatal dopamine D 2 receptors, quetiapine's unique clinical efficacy, especially for mood and cognition, may come from its influence on the frontal cortex. At a false discovery rate of 0.05, analysis of haloperidol (1 mg kg (Table 1) . Within this group, the significantly regulated transcript with the largest fold change was Cdkn1a, which was downregulated 6.19-fold by quetiapine treatment. Cdkn1a encodes p21, a cyclin-dependent kinase inhibitor that is a key downstream mediator of p53 and has a critical role in cell cycle/fate control. Other significantly regulated transcripts implicated in cell cycle control included Ccar1 (cell division cycle and apoptosis regulator 1), Ddit3 (DNA damage-inducible transcript 3), Lifr (leukemia inhibitory factor receptor), Osr1 (odd-skipped related 1) and Usp2 (ubiquitin-specific peptidase 2). Gene set enrichment analysis also underscored transcripts associated with cell cycle fate control as specifically influenced by quetiapine ( Table 2 reports the functional groups with a corrected P-value o0.1). The differentially regulated functional groups included 'central nervous system neuron differentiation', 'negative regulation of cell cycle arrest', 'positive regulation of cyclin-dependent protein kinase activity' and 'circadian rhythm', These gene sets were downregulated by quetiapine treatment relative to haloperidol.
Until recently, appreciation of the potential pathobiological significance of molecules involved in cell cycle control, including p21/Cdkn1a, was mostly limited to the field of cancer research. 25 However, recent reports suggest that dysregulation of cell cycle molecules in postmitotic neurons may also have pathological significance in brain disorders. [26] [27] [28] Focusing our attention on p21/Cdkn1a, qRT-PCR and in situ hybridization were used to further validate the expression change in mouse brains chronically treated with quetiapine. qRT-PCR on the frontal cortex tissue confirmed that quetiapine, but not haloperidol, induced a significant dose-dependent reduction of p21/Cdkn1a transcript (Figure 2a) . In situ hybridization of the frontal cortex sections from quetiapinetreated mice demonstrated a prominent reduction of p21/ Cdkn1a transcript compared with vehicle-treated mice (Figure 2b ). Immunohistochemistry on adjacent brain sections indicated that part of the p21/Cdkn1a reduction corresponds with NeuN-positive cells (Supplementary Figure 3) .
Primary cell culture of neurons, astrocytes and OPCs were used to test whether quetiapine's influence on p21/Cdkn1a expression is cell type-specific (Figure 3 ). Treatment with 10 mM quetiapine for 48 h resulted in a robust decrease in p21/ Cdkn1a expression in OPCs and primary neurons. In contrast, significant change to p21/Cdkn1a expression was not observed in astrocytes.
Discussion
The aim of this study was to identify novel pathways potentially involved in schizophrenia and/or mood disorders by investigating quetiapine-, but not haloperidol-, induced molecular expression changes in the frontal cortex. Functional group analysis and individual gene assessments resulted in the identification of significantly altered molecules involved in cell cycle regulation, especially Cdkn1a, the gene encoding p21. Our in situ hybridization results indicate that the change seems to occur at least in deep layer neurons in the adult brain, and systematic analysis of cell culture indicate that quetiapine significantly downregulates the expression of Cdkn1a in OPCs and primary neurons, but not in astrocytes.
Quetiapine is postulated to have molecular and cellular actions that are unique compared with other neuroleptics. This is particularly important in considering the efficacy of quetiapine for clinical manifestations beyond psychosis. [29] [30] [31] [32] [33] Our study suggests that part of quetiapine's therapeutic profile may involve normalization of molecules regulating cell cycle/ fate control. Interestingly, aberrant regulation of cell cycle and alteration to cell cycle-associated molecules has been reported in schizophrenia and mood disorder studies using human post-mortem brains and biopsied cells. 28, [34] [35] [36] [37] [38] [39] Human genetic studies have also identified rare genetic variants, including those in the KCTD13 and DISC1 genes associated with schizophrenia, mood disorders and autism, which have biological roles in the regulation of progenitor cell proliferation. 40, 41 Also in line with the concept of cell cycle dysfunction in major mental illnesses, the mood stabilizer lithium and antidepressants reportedly affect the Wnt signaling pathway, which fundamentally modulates cell cycle and fate. 42, 43 Furthermore, Li and co-workers 44 reported that quetiapine influences the proliferation of neural progenitor cells and oligodendrocyte differentiation, thereby attenuating white matter pathology and associated phenotypes in rodents. 45, 46 Our observation of downregulated p21/Cdkn1a, a key molecule in cell cycle regulation, may underlie this reported cellular phenotype. This is significant in light of recent studies using brains of patients with schizophrenia and mood disorders; several laboratories have observed significant alterations related to oligodendrocytes in post-mortem brain, including decreased cell density and decreased expression of associated genes, such as myelin basic protein. 38, 47, 48 Dysregulation of oligodendrocytes may be the root of the white matter abnormalities highlighted by diffusion tensor imaging studies in patients with schizophrenia and mood disorders, 49, 50 as well as the reduced connectivity observed in the dorsal attention and executive control networks by resting state functional magnetic resonance imaging. 51 Oligodendrocyte abnormalities are also implicated in some animal models of schizophrenia. 52 Given that aberrant cell cycle/fate control may be involved in the pathology of major mental illnesses, which cell(s) are the primary players? This study indicates that quetiapine treatment influences p21/Cdkn1a expression in OPCs and neurons in culture, whereas in the adult mouse brain, reduction of p21/Cdkn1a was observed at least in postmitotic neurons. The functional consequence of changes to cell cycle-associated molecules, including p21/Cdkn1a, in adult postmitotic neurons is a fundamental biological question that is not yet well understood. It is likely that cell cycle-associated molecules and pathways play multiple, context-dependent roles in postmitotic neurons. In some brain disorders, it is suggested that the re-entry of postmitotic neurons into the cell cycle can lead to subsequent neuronal dysfunction and cell death, 26, 27 while in other situations cell cycle arrest may increase susceptibility to cell death. 53 More specifically, p21/ Cdkn1a was found to act as the signal transducer that induces a senescence-like state in response to DNA damage, 54 and as an antiapoptotic factor that mediates the neuroprotective effect of corticosterone. 55 Although the role of cell cycleassociated molecules in postmitotic neurons is far from clear, we believe that our data provide novel insight and that quetiapine may be a useful pharmaceutical probe to address such crucial questions in the future.
There are some important points raised in this study that will need consideration for future studies. Although the principal components analysis in this study indicated that drug dose was not a major source of variation in gene expression, it is a key consideration when translating data from preclinical studies to clinical application. In this study, we used a representative assay based on dopamine D 2 receptor blockade to determine the dose of neuroleptics for use in a preclinical model. If we simply compare the body weights between humans and mice, the doses of quetiapine used for mice in this study, 10 and 100 mg kg À 1 b.i.d., correspond to approximately 700 and 7000 mg b.i.d., assuming an average human of 70 kg. Although this is obviously higher than the clinical dose, in many cases, a more rapid degradation of compounds is known in mice compared with humans. Therefore, in future studies, we will need to very carefully consider how to translate this preclinical data for clinical relevance.
This study also highlights the importance of brain region as a major source of variation in gene expression. The striatum is rich in dopamine D 2 receptors that underlie psychosis and are substrates for the binding of haloperidol and other typical neuroleptics. In contrast, this study focused on the frontal cortex with the aim of identifying new potential pathways that may account for the broader spectrum efficacy and novel actions of quetiapine. A recent paper from the Nester lab, 56 utilizing optogenetic stimulation, highlighted the significance of medial prefrontal cortex activation in determining depression-like behavior. Thus, cortex-specific actions of quetiapine may be further addressed in conjunction with the biology of mood disorders.
Another question that should be addressed in future studies is whether p21/Cdkn1a directly contributes to mental function. Although the many molecular redundancies in cell cycle regulation may hamper straightforward data interpretation, revisiting knockout mice lacking p21/Cdkn1a, which develop normally at least at the gross physiological level, 57 and crossbreeding with several different genetic models of psychiatric diseases, may be an avenue to address this question. Although the focus of this study was to elucidate the overall molecular impact of quetiapine treatment, future studies focusing on cell type-specific actions will be necessary to uncover which molecules, in which cells, serve as the receptor(s) that mediate the novel functions of this drug. Among the known transmembrane neurotransmitter receptors, quetiapine binds with highest affinity to adrenergic and histaminergic receptors. There has been one report that a1-adrenergic receptors have a role in cell cycle regulation. 58 We speculate, however, that there may be an as yet undiscovered intracellular receptor(s) for quetiapine, analogous to the mTOR/FKBP12 protein complex for rapamycin and FK506. 59, 60 Although many neuroleptics can penetrate plasma membranes, there have been no serious attempts to identify intracellular receptors. Given the unique actions of quetiapine, this compound may be a good candidate for testing this idea.
